ABSTRACT In recent years, the environmental problems in China have become more and more serious, for example, resource depletion, environmental pollution, ecological imbalance, and so on. At the same time, the laws and regulations about the environmental protection in the world are constantly introduced, the academic research about the environmental issues is also increasing, more and more consumers show concern for the green products, and the restrictions of the ''green trade barrier'' in the international to the export products in China enterprises must pay attention to the influence of their behavior on the environment in pursuit of economic efficiency. In this context, the green supply chain management (GSCM) emerges. GSCM theory first appeared in some foreign countries, and started later in China. Compared with some developed countries, the GSCM theory in China is still not mature. From the source speaking, there is lack of a complete GSCM system. In this paper, we combine the generalized weighted Bonferroni mean (GWBM) operator, generalized weighted geometric Bonferroni mean (GWGBM) operator, dual GWBM operator, and dual GWGBM operator with Pythagorean 2-tuple linguistic numbers to propose the generalized Pythagorean 2-tuple linguistic WBM (GP2TLWBM) operator, generalized Pythagorean 2-tuple linguistic WGBM (GP2TLWGBM) operator, dual GP2TLWBM (DGP2TLWBM) operator, and dual GP2TLWGBM (DGP2TLWGBM) operator, and then, the multiple attribute decision-making (MADM) methods are developed based on DGP2TLWBM and DGP2TLWGBM operators. Finally, we use an example for green supplier selection to prove the MADM process of the proposed algorithms.
I. INTRODUCTION
Intuitionistic fuzzy set (IFS), developed by Atanassov [1] , is an extension of fuzzy set theory [2] . IFS is constructed by a membership degree and a non-membership degree, and therefore can depict the fuzzy character of data more detailedly and comprehensively. In the past decades, many intuitionistic fuzzy information aggregation operators have been proposed [3] - [14] . More recently, Pythagorean fuzzy set (PFS) [15] , [16] has appeared as an effective tool for depicting uncertainty of the MADM problems. The PFS is also characterized by the membership degree and the non-membership degree, whose sum of squares is less than or equal to 1, the PFS is more general than the IFS. In some cases, the PFS can solve the problems that the IFS cannot, for example, if a DM gives the membership degree and the non-membership degree as 0.8 and 0.6, respectively, then it is only valid for the PFS. In other words, all the IFS degrees are a part of the PFS degrees, which indicates that the PFS is more powerful to handle the uncertain problems. Zhang and Xu [17] developed a Pythagorean fuzzy TOPSIS for handling the MADM problem. Peng and Yang [18] developed the Pythagorean fuzzy superiority and inferiority ranking method to solve MAGDM. Beliakov and James [19] focused on how the notion of ''averaging'' should be treated in the case of PFNs. Reformat and Yager [20] used the PFNs in handling the collaborative-based recommender system. Gou et al. [21] investigated the Properties of continuous PFNs. Ren et al. [22] proposed the Pythagorean fuzzy TODIM MADM method. Garg [23] proposed the generalized Pythagorean fuzzy information aggregation based on the Einstein operations. Zeng et al. [24] developed a hybrid method for Pythagorean fuzzy MADM method. Garg [25] investigated the novel accuracy function of interval-valued PFNs for solving MADM problem. Liang et al. [26] developed the projection model for fusing the information of PFN multicriteria group decision making based on geometric Bonferroni mean. Peng et al. [27] defined some information measures of PFNs. Garg [28] proposed the generalized Pythagorean fuzzy geometric aggregation operators using Einstein t-Norm and t-Conorm for MADM problem. Wei and Lu [29] proposed some Maclaurin Symmetric Mean operators with PFNs. Wei [30] developed some interaction aggregation operators for MADM with PFNs. Wei and Lu [31] proposed some power aggregation operators with PFNs. Wei and Lu [32] proposed some dual hesitant Pythagorean fuzzy Hamacher aggregation operators in MADM. Lu et al. [33] defined the concept of hesitant Pythagorean fuzzy sets and utilized Hamacher operations to develop some hesitant Pythagorean fuzzy aggregation operators. Wei et al. [34] defined the concept of Pythagorean 2-tuple linguistic sets and developed some Pythagorean 2-tuple linguistic aggregation operators.
Obviously, these established Pythagorean 2-tuple linguistic aggregation operators cannot be used to fuse the arguments which are correlated. Meanwhile, the Bonferroni mean (BM) [35] - [42] is a very practical tool to tackle the arguments which are correlated. How to effectively extend the mature dual generalized BM operator and dual generalized geometric BM (GBM) operator [43] to P2TLN environment is a significant research task which the focus of this paper.
The structure of this manuscript is given. Section 2 reviews P2TLNs and some concepts. Section 3 introduces the extended generalized BM operator and generalized geometric BM (GBM) operator which can be used to fuse the P2TLNs, and describes some properties of these operators. Section 4 introduces the extended dual generalized BM operator and dual generalized geometric BM (GBM) operator which can be used to fuse the P2TLNs, and describes some properties of these operators. Section 5 illustrates the functions of the proposed operators with an application for green supplier selection in GSCM. Section 6 concludes.
II. PRELIMINARIES A. P2TLSs
Let S = {s i |i = 1, 2, · · · , t } be a linguistic term set with odd cardinality. Any label, s i represents a possible value for a linguistic variable, and it should satisfy the following characteristics [44] , [45] [44] , [45] developed the 2-tuple fuzzy linguistic representation model based on the concept of symbolic translation. It is used for representing the linguistic assessment information by means of a 2-tuple (s i , α i ), where s i is a linguistic label from predefined linguistic term set S and α i is the value of symbolic translation, and α i ∈ [−0.5, 0.5) .
Wei et al. [34] proposed the Pythagorean 2-tuple linguistic sets (P2TLSs) based on the PFSs [15] , [16] and 2-tuple linguistic [44] , [56] .
Definition 1 [34] : A P2TLSs A in X is given
Where 
B. GWBM AND GWGBM OPERATORS
Xia et al. [37] defined the generalized weighted BM (GWBM) operator and generalized weighted geometric BM (GWGBM) operator. Definition 4 [37] : Let p, q, r > 0 and a i (i = 1, 2, · · · , n) be a collection of nonnegative crisp numbers with the weights vector being ω = (ω 1 , ω 2 , · · · ω n ) T , thereby satisfying
The generalized weighted BM (GWBM) operator is defined as follows:
Definition 5 [37] : Let p, q, r > 0 and a i (i = 1, 2, · · · , n) be a collection of nonnegative crisp numbers with the weights vector being ω = (ω 1 , ω 2 , · · · ω n ) T , thereby satisfying ω i ∈ [0, 1] and
Then GWGBM p,q,r is called the generalized weighted geometric BM (GWGBM) operator.
C. DGWBM OPERATOR
Definition 6 [43] : Let a i (i = 1, 2, · · · , n) be a collection of nonnegative crisp numbers with the weight vector being
Where
Definition 7 [43] : Let a i (i = 1, 2, 3, · · · , n) be a collection of nonnegative crisp numbers with the weight vector
III. THE GP2TLWBM OPERATOR AND GP2TLWGBM OPERATOR
This section extends GWBM and GWGBM to fuse the Pythagorean 2-tuple linguistic operators and proposes several new Pythagorean 2-tuple linguistic operators.
collection of P2TLNs with their weights vector being
T , thereby satis-
Then GP2TLWBM
α,β,γ ω is called the generalized Pythagorean 2-tuple linguistic weighted Bonferroni mean (GP2TLWBM) operator.
We can obtain the following theorem according to definition 3.
Theorem 1: Let α, β, γ > 0 and
be a collection of P2TLNs. The aggregated value by GP2TLWBM is also a P2TLN and (7), as shown at the top of the next page.
Proof: According to Definition 3, we can obtain
Thus,
Thereafter,
Furthermore, (13) , shown at the top of this page, Therefore, (14) , as shown at the top of the next page.
Hence, (7) is maintained. Thereafter:
Similarly
Thereafter: (19) and (20), as shown at the top of this page.
Because (21), as shown at the top of this page.
Therefore, (22) , as shown at the top of this page. Thereby completing the proof.
Moreover, GP2TLWBM has the following properties.
Proof:
Property 2 (Monotonicity):
If
That's means s p , ρ p ≤ s q , ρ q , and we also can obtain:
Therefore:
Therefore, the proof of Property 2 is completed.
Property 3 (Boundedness):
Proof: From Property 1 we can obtain:
From Property 2, we can obtain
B. GP2TLWGBM OPERATOR Thereafter, we extend GWGBM operator [37] to P2TLN and propose the generalized Pythagorean 2-tuple linguistic weighted geometric Bonferroni mean (GP2TLWGBM) operator.
Definition 9: Let α, β, γ > 0 and
Theorem 2: Let α, β, γ > 0 and p i = ((s i , ρ i ) , µ i , v i ) (i = 1, 2, · · · , n) be a collection of P2TLNs. The aggregated value by GP2TLWGBM is also a P2TLN and (39), shown at the top of this page, Proof: Through Definition 3, we can obtain
Therefore, (45) , shown at the bottom of this page. Thus (46) , shown at the bottom of this page. Hence, (39) is maintained. Thereafter: (47)- (49), as shown at the top of the next page.
Similarly, (50) , as shown at the top of the next page. Thereafter: (51) and (52), as shown at the top of the next page.
Because (53), as shown at the top of the next page.
Therefore, (54) , as shown at the top of the next page. Thereby completing the proof. Similar to GP2TLWBM operator, the GP2TLWGBM operator has the same properties. The proofs of these properties are similar to that of the properties of GP2TLWGBM, Accordingly, the proofs are omitted to save space.
Properties 4:
Let α, β, γ > 0 and pi = ((s i , ρ i ) , (µ i , v i )) (i = 1, 2, · · · , n) be a collection of P2TLNs. (1) Idempotency. If p i (i = 1, 2, · · · , n) are equal, that is p i = p = ((s, ρ) , (µ, v)), then GP2TLWGBM α,β,γ ω (p 1 , p 2 , · · · , p n ) = p (55) (2) Monotonicity. Let p i = s p i , ρ p i , µ p i , v p i (i = 1, 2, · · · , n) and q i = s q i , ρ q i , µ q i , v q i (i = 1, 2, · · · , n) betwo collections of P2TLNs. If s p i , ρ p i ≤ s q i , ρ q i and µ p i ≤ µ q i and v p i ≥ v q i hold for all i, then GP2TLWGBM α,β,γ ω (p1 , p 2 , · · · , p n ) ≤ GP2TLWGBM α,β,γ ω (q 1 , q 2 , · · · , q n ) (56) (3) Boundedness. If p + = max i (s i , ρ i ) , max i (µ i ) , min i (v i ) and p − = (min i (s i , ρ i ) , (min i (µ i ) , max i (v i ))), then p − ≤ GP2TLWGBM α,β,γ ω (p 1 , p 2 , · · · p n ) ≤ p + (57)
IV. THE DGP2TLWBM OPERATOR AND DGP2TLWGBM OPERATOR
This section extends DGWBM and DGWGBM to fuse the P2TLNs and proposes several new Pythagorean 2-tuple linguistic operators. 
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Then the DGP2TLWBM K ω is called the Pythagorean 2-tuple linguistic DGWBM (DGP2TLWBM) operator.
Theorem 3: Let k j > 0 and p i = ((s i , ρ i ) , (µ i , ν i )) (i = 1, 2, · · · , n) be a collection of P2TLNs. The aggregated result of DGP2TLWBM is a P2TLN (59) , as shown at the top of the next page.
Therefore, (64) , as shown at the top of the next page.
Hence, (59) is maintained. Thereafter:
Thereafter: (69) , as shown at the top of the next page.
Because (70), as shown at the top of the next page.
Property 5 (Idempotency):
Property 6 (Monotonicity):
Therefore,
That's means S p , ρ p ≤ S q , ρ q , and we also can obtain:
Thus:
So, there is µ 2 p ≤ µ 2 q , and we also can get
Therefore, the proof of property 6 is completed. Property 7 (Boundedness):
Proof: from property 5 we can obtain:
From property 6, we can obtain
B. P2TLWGBM OPERATOR Thereafter, we extend DGWGBM to P2TLN and introduced the dual generalized Pythagorean 2-tuple linguistic WGBM (DGP2TLWGBM) operator. Definition 11: We unite P2TLN with DGWGBM.
Then DGP2TLWGBM
K ω is called DGP2TLWGBM operator. We can obtain the following theorem according to definition 3.
Theorem 4:
, · · · , n) be a collection of P2TLNs. Hence, the aggregated value by DGP2TLWGBM is also P2TLN and
Proof: Through Definition 3, we can obtain
Therefore, (91), as shown at the top of the next page. Thus
Hence, (87) is maintained. Thereafter:
Similarly,
Thereafter: Therefore,
Thereby completing the proof. Similar to DGP2TLWBM, the DGP2TLWGBM has the same properties. The proofs of these properties are similar to that of the properties of DGP2TLWGBM, Accordingly, the proofs are omitted to save space. Property 8:
V. NUMERICAL EXAMPLE AND COMPARATIVE ANALYSIS A. NUMERICAL EXAMPLE
Nowadays, the ecological environment around the world is deteriorating and human survival is threatened. As a result of it, the development of circular economy has become a hot topic. In 2015, the government proposed to actively promote economic restructuring and upgrading, and the manufacturing sector is the focus of rectification and reform. In the same year, our country also implemented a new environmental law. It means that the government will seriously treat the environmental pollution problems. In order to control the total energy consumption, the manufacturing sector is one of the key targets of strengthening energy conservation. Faced with government regulation, legal constraints and public opinion pressure, manufacturing enterprises have to take necessary measures to achieve ''Green Development''. One of these measures is to implement green supply chain management. GSCM emphasis on the joint development of the socio-economic and ecological environment, requiring companies to consider environmental factors in product design, packaging, procurement, production, sales, logistics, waste, recycling and other aspects. Supplier is the ''Source'' of the whole supply chain, and the green supplier selection is the foundation of green supply chain management. The quality of suppliers will directly affect the environmental performance of enterprises. First, the green supply chain management and the traditional supply chain management were compared, then the characteristics of green supplier partnerships were analyzed from various aspects. Then, we shall give a application to select green suppliers in green supply chain management with P2TLNs. There are five possible green suppliers in green supply chain management O i (i = 1, 2, 3, 4, 5) to select. The experts select four attribute to assess the five possible green suppliers: x C 1 is the product quality factor; y C 2 is environmental factors; z C 3 is delivery factor; { C 4 is price factor. Five green suppliers O i (i = 1, 2, 3, 4, 5) are to be assessed with P2TLNs according to four attributes (whose weighting vector ω = (0.2, 0.1, 0.3, 0.4)), as shown in Table 1 . Then, we utilize the proposed algorithm to select green suppliers in GSCM
Step 1: According to P2LNs r ij (i = 1, 2, 3, 4, 5, j = 1, 2, 3, 4), we can aggregate all P2LNs r ij by using the DGP2TLWBM (DGP2TLWGBM) operator to get the P2LNs A i (i = 1, 2, 3, 4, 5) of the green suppliers O i . Suppose that k 1 = k 2 = k 3 = k 4 = 3, then the aggregating results are in Table 2 .
Step 2: According to Table 2 and the scores are shown in Table 3 .
Step 3: According to Table 3 , the ordering is listed in Table 4 . The order of the green suppliers are slightly different, but the best green supplier is O 3 .
From Table 4 , we can easily find that these two operators may generate slightly different ranking results. The main reason causing this ranking result difference is that the DGP2TLWBM operator emphasize the group influences, however the DGP2TLWGBM operator emphasize the individual influences.
B. INFLUENCE OF THE PARAMETER ON THE FINAL RESULT
In order to show the effects on the ranking results by changing parameters of (k 1 , k 2 , k 3 , k 4 ) ∈ [1, 10] in the DGP2TLWBM (DGP2TLWGBM) operators, the results are listed in Tables 5 and 6 .
C. COMPARATIVE ANALYSIS
Then, we compare our method with P2TLWA operator and P2TLWG operator [34] . The comparative results are in Table 7 .
From above, we can that we get the same results to show the effectiveness of our approaches. However, the existing aggregation operators, such as P2TLWA operator and P2TLWG operator, don't consider relationship between arguments being aggregated, and thus can't eliminate the influence of unfair arguments. Our proposed DGP2TLWBM and DGP2TLWGBM operators consider the information about the relationship between arguments being aggregated.
VI. CONCLUSION
In this paper, we focused on P2LN information operators with their application in MADM. To aggregate the P2LNs, the GP2TLWBM, GP2TLWGBM, DGP2TLWBM and DGP2TLWGBM operators have been developed. We have conducted the further research to these four operator's several desirable properties. In addition, we demonstrated the effectiveness of the DGP2TLWBM and DGP2TLWGBM operators in practical MADM problems. Finally, we use an example about green supplier selection in green supply chain management process to elaborate applicability of these two operators, meanwhile, the analysis of the comparison as the parameters take different values also have been studied. In subsequent studies, we shall expand the proposed models to some other fuzzy and uncertain MADM problems [29] , [57] - [86] .
